3 The abbreviations used are: NEDD4L, neural precursor cell expressed, developmentally down-regulated 4-like; MEF, mouse embryonic fibroblast; Dox, doxycycline; CV, column volume; P1, progeny 1; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
Oncogenic PIK3CA (p110␣), the catalytic subunit of class IA PI3K, plays a major role in PI3K-related cancer progression. The mechanisms underlying the dynamic regulation of PIK3CA protein levels remain unknown. Here we demonstrated that PIK3CA is regulated by polyubiquitination. We identified NEDD4L as the E3 ligase that catalyzes PIK3CA polyubiquitination, leading to its proteasome-dependent degradation. NEDD4L ubiquitinates both the free and regulatory subunitbound PIK3CA but does not ubiquitinate the regulatory subunit of PI3K. Overexpression of NEDD4L accelerates the turnover rate of PIK3CA, whereas suppression of NEDD4L results in not only the accumulation of PIK3CA but also a paradoxical decrease of AKT activation. Thus, we propose that NEDD4L negatively regulates PIK3CA protein levels via ubiquitination and is required for the maintenance of PI3K-AKT signaling pathway.
Class IA phosphoinositide 3-kinases (PI3Ks) are lipid kinases that integrate signals from growth factors and hormones to regulate multiple cellular process including growth, proliferation, migration, and survival (1) . In response to activation of various growth factor receptors, PI3K is recruited to the cell membrane to catalyze the production of phosphoinositide-3,4,5-trisphosphate, a second messenger required for the activation of a series of downstream kinases (1, 2) . Class IA PI3K is composed of a catalytic subunit (p110) and a regulatory subunit (p85), which are demonstrated to form an obligatory heterodimer (3) . PIK3CA (p110␣), a major isoform of the catalytic subunits, is widely expressed in various tissues (4) . Somatic mutations in PIK3CA occur frequently in cancers of the breast, colon, endometrium, and prostate as well as glioblastomas (5) (6) (7) . Gain of PIK3CA copy number leads to increased PIK3CA protein levels and is also associated with human cancers (4, 8, 9) . These observations indicate that dysregulation of PI3K plays an important role in cancer emergence and development, underscoring the significance of understanding the regulation mechanisms of PI3K signaling pathway.
PI3K function can be modulated via its gene expression or its association with Ras, receptor-tyrosine kinases and other adaptor proteins such as insulin receptor substrate1/2 (IRS1/2). It can also be regulated through post-translational modifications. For instance, previous reports demonstrate that the p85 regulatory subunit can be polyubiquitinated and negatively regulated by the E3 ubiquitin ligase Cbl-b in T cells without affecting its protein level (10, 11) . In addition, recent work shows that dephosphorylation of the p110-free p85␤ regulatory subunit leads to its degradation through F-box protein FBXL2 (12) . Importantly, the catalytic subunit PIK3CA may also be subject to a similar regulation: that is, a dynamic cycle of proteasomedependent degradation and resynthesis of PIK3CA was observed in response to the stimulation of epidermal growth factor (13) .
To further understand the regulation of PIK3CA, we developed an in vitro ubiquitination assay for PIK3CA. Using this assay and biochemical fractionation, we identified NEDD4L (neural precursor cell expressed, developmentally down-regulated 4-like), 3 the E3 ubiquitin ligase responsible for PIK3CA polyubiquitination. NEDD4L polyubiquitinates PIK3CA to promote its proteasomal degradation at both its regulatory subunit free and bound states. Knockdown of NEDD4L increases the protein level of PIK3CA but, paradoxically, impairs the activation of AKT. We propose that NEDD4L is a PIK3CA E3 ubiquitin ligase that controls the stability of PIK3CA and is required for the maintenance of PI3K-AKT signaling pathway.
Results
Ubiquitination of PIK3CA in Vivo-To examine whether PIK3CA is regulated by ubiquitination in vivo, we transfected human embryonic kidney (HEK)-293T cells with FLAG-tagged PIK3CA alone or in combination with HA-tagged ubiquitin followed by treatment with DMSO or proteasome inhibitor MG132. PIK3CA was then immunoprecipitated and detected with ubiquitin antibody. Proteasome inhibition resulted in an accumulation of ubiquitinated PIK3CA, which were robustly increased by co-expression with an exogenous ubiquitin ( Fig.  1A , upper panel). To verify that PIK3CA is indeed directly polyubiquitinated, we immunoblotted PIK3CA in whole cell lysates using an antibody against the FLAG epitope ( Fig. 1A , middle panel). The results suggest that PIK3CA is itself polyubiquitinated in vivo; PIK3CA formed high molecular weight shifts in the presence of MG132, and expression of an exogenous ubiquitin resulted in an increase of the polyubiquitinated PIK3CA (Fig. 1A , middle and lower panels).
Proteasome-dependent protein degradation is classically mediated by covalent modification of the Lys-48-linked polyubiquitin chain (14) . Ubiquitin chains linked through other alternative lysine residues are generally thought to function in signaling transduction even though they may also serve as a proteasome-targeting signal (15) . To determine the chain type involved in PIK3CA polyubiquitination and degradation, we co-expressed PIK3CA with a series of ubiquitin mutants possessing only one lysine residue ( Fig. 1B) . By immunopurification of PIK3CA and detection of polyubiquitin, we found that PIK3CA was mainly modified by Lys-27-, Lys-29-, and Lys-33linked chain, among which Lys-29 linkage was the most favored ( Fig. 1B) . To confirm this, we did similar experiments by substituting the afore-used ubiquitins with single lysine to arginine mutants (Fig. 1C) . Consistent with the above results, K29R mutation resulted in the greatest reduction in the mount of the polyubiquitinated PIK3CA (Fig. 1C ). Taken together, these data suggest Lys-29-linked chain is the major form for PIK3CA polyubiquitination and degradation.
Ubiquitination of PIK3CA in Vitro-The above findings suggest there should be at least an E3 ubiquitin ligase in cells that catalyze the conjugation of ubiquitin to PIK3CA. To test this hypothesis, we first developed an in vitro ubiquitination assay. As shown in Fig. 1D , after incubation of purified recombinant human ubiquitin-activating enzyme (E1), ubiquitinconjugating enzyme (E2), ubiquitin and FLAG-tagged PIK3CA together with mouse embryonic fibroblast (MEF) cell extracts (S-100) and ATP, PIK3CA showed at least two clear upshifted ladders and a decreased level of native protein (Fig. 1D, lane 8) . Dropping off one of the any components in the reactions resulted in only one upshifted ladder or even none at all. Heating of the cell extract decreased the ubiquitination activity to basal level (Fig. 1D, lane 9) , suggesting the PIK3CA E3 ligase is likely to be a temperaturesensitive protein. Moreover, the E2 preference was tested using the same assay except equal moles of different E2 enzymes (including Ubch2, -3, -4, -5C, -6, -7) were used in FIGURE 1. Ubiquitination of PIK3CA in vivo and in vitro. A, visualization of the ubiquitinated PIK3CA in vivo. The indicated plasmids were transfected into HEK293T cells. Twenty-four hours later cells were treated with DMSO or MG132 for 6 h. The ubiquitination were detected either by immunoprecipitation (IP) of FLAG-tagged PIK3CA followed by Western blot analysis with anti-ubiquitin (Ub) antibody (upper panel) or directly immunoblotting (IB) the cell lysates with anti-FLAG antibody (middle panel). The expression of HA-tagged ubiquitin was detected by anti-HA antibody (lower panel). B, determination of the linkage type of ubiquitin chain. HEK293T cells were co-transfected with PIK3CA and ubiquitin mutants that have only one lysine residues. Twenty-four hours later cells were treated with MG132 for 6 h. FLAG-tagged PIK3CA was immunoprecipitated, and ubiquitination was detected with anti-HA antibody. C, determination of the linkage type of ubiquitin chain. Western samples were prepared as in B except the afore-used ubiquitins were substituted with single lysine to arginine mutants. D, in vitro ubiquitination of PIK3CA. Recombinant FLAG-tagged PIK3CAs were incubated alone or with the combination of various components as indicated in a total volume of 15 l. The assay was performed at 37°C for 2 h, then boiled and applied to immunoblot using anti-FLAG antibody. E, in vitro ubiquitination test for E2 preference. Recombinant FLAG-tagged PIK3CA, E1, ubiquitin, MEF S-100, and ATP were mixed with equal moles of recombinant E2s. The assay was performed, and samples were processed as in D. each reaction ( Fig. 1E ). We observed that Ubch4 and Ubch5C conferred the strongest ubiquitination activity for PIK3CA.
Mapping the Ubiquitination Sites on PIK3CA-We used the mutagenesis strategy to map the ubiquitination sites on PIK3CA. Taking into account the fact that there are total of 72 lysine residues on PIK3CA, we first analyzed the structures of PIK3CA-PIK3R1 heterodimeric complex (16, 17) and selected 50 lysine residues that are exposed to the solvent as our mutational targets. We generated 20 PIK3CA mutants, each covering 2-5 lysine to arginine mutations (Fig. 2, A and B) . These mutants were co-transfected with ubiquitin in HEK293T cells, treated with MG132, and then immunoprecipitated for detection of ubiquitination ( Fig. 2A ). We found five PIK3CA mutants (mut4, 5, 8, 9, 10) showed a dramatic decrease in ubiquitination ( Fig. 2A ). Based on the membrane binding model of PI3K (17) , with the exception of mut4 that locates in the Ras binding domain, all of the ubiquitination-deficient lysine mutations are located in the membrane-contact or membrane-adjacent region (Fig. 2C ). Lysine residues in mut5 are on the top of the C2 domain, which mediates the interaction of PI3K with membrane, whereas those in mut8 locate in the N-lobe of kinase domain, which also interacts with membrane. Lysine residues in mut9 and mut10 locate in the C-lobe of kinase domain and, if they do not directly interact, are very close to the membrane. These results indicate lysine residues that either interact with or are close to the cell membrane in PIK3CA are hot spots for ubiquitination.
Purification of the E3 Ubiquitin Ligase for PIK3CA-To identify the E3 ligase for PIK3CA ubiquitination, we fractionated the MEF cell extract S-100 by an ion exchange (Q) column and analyzed the E3 ligase activity by using the aforementioned in vitro ubiquitination assay. The activity was eluted out as a wide peak with a salt concentration between 200 and 350 mM NaCl. The active fractions were collected and subjected to a serious of sequential purification steps ( Fig. 3A) . At the final purification step, PIK3CA E3 ligase activity from the Mono Q column mainly existed in two fractions, which efficiently promoted the polyubiquitination of PIK3CA (Fig. 3B ). The fractions were applied to silver staining, and inspection of the gel revealed one FIGURE 2. Mapping the ubiquitination sites on PIK3CA. A, mapping the possible ubiquitination residues on PIK3CA. A series of PIK3CA lysine to arginine mutants was co-transfected with HA-tagged ubiquitin. Twenty-four hours after transfection cells were treated with MG132 for 6 h and collected. PIK3CA was immunoprecipitated (IP) from the cleared cell lysates using anti-FLAG beads. Ubiquitination (Ub )was detected by immunoblotting (IB) the precipitated PIK3CA with anti-HA antibody. B, a list of the mutated residues on each PIK3CA mutants. C, structural presentation of the ubiquitination hot spots on PIK3CA. The complex structure of PIK3CA-PIK3R1 (Protein Data Bank code 4JPS) is presented as ribbon with possible ubiquitinated lysine residues shown as sticks. Residues in parenthesis are not seen in the structure. The Ras binding domain is colored cyan, the C2 domain is colored green, the helical domain is colored yellow, and the kinase domain is colored red. PIK3R1 is colored gray. The figure was generated using PyMOL software. band, indicated by an arrow in Fig. 3B , correlated perfectly with the activity. The observed molecular weight of this band was in agreement with the corresponding elution volumes on gel filtration ( Fig. 3C ). Mass spectrum analysis revealed this protein to be NEDD4L (neural precursor cell expressed, developmentally down-regulated 4-like), an E3 ubiquitin ligase known to associate with the plasma membrane and previously shown to ubiquitinate multiple membrane proteins (18) .
NEDD4L Ubiquitinates PIK3CA in Vitro-To confirm that NEDD4L is involved in ubiquitination of PIK3CA, we expressed and purified recombinant NEDD4L protein from insect cells (Fig. 4A, upper and lower panel) . The addition of recombinant NEDD4L greatly enhanced in vitro ubiquitination of PIK3CA (Fig. 4B, lanes 7 and 8) . At low concentrations, NEDD4L protein levels were positively correlated with the amount of ubiquitin molecules attached to PIK3CA (Fig. 4C) ; at high concentrations, NEDD4L promoted polyubiquitination of PIK3CA, which showed a dramatically delayed shift on gel and even partially stacked at the bottom of the loading wells ( Fig.  4C ). Heat treatment (50°C for 10 min) of recombinant NEDD4L protein largely abrogated its E3 ligase activity ( Fig.  4C ).
NEDD4L Ubiquitinates PIK3CA and Regulates Its Stability in Vivo-Because PIK3CA forms obligate heterodimers with p85 regulatory subunits (3), we asked whether NEDD4L can also ubiquitinate p85 subunits and whether heterodimerization affects the ubiquitination of PIK3CA. To address this question, we co-transfected plasmids encoding PIK3R1 (one of the p85 subunits) and PIK3CA, either alone or in combination with NEDD4L in HEK293T cells. We pulled down the target proteins and analyzed their ubiquitination level. As shown in Fig.  5A , NEDD4L co-transfection with the addition of MG132 greatly promoted the accumulation of polyubiquitinated PIK3CA (Fig. 5A , lane 8) compared with NEDD4L absent control (Fig. 5A, lane 6) , whereas we did not observe an ubiquitination signal on immunoprecipitated PIK3R1 in the presence of MG132 (Fig. 5A, lane 2) . Co-transfection of PIK3R1 with NEDD4L in the presence of MG132 caused a detection of a rather low level of ubiquitination on immunoprecipitated PIK3R1 (Fig. 5A, lane 4) , which cannot be distinguished with the endogenous ubiquitinated PIK3CA that co-pulled-down with FLAG-tagged PIK3R1. In addition, the PIK3CA E3 ligase activity was not affected by the co-transfection of PIK3R1 ( Fig.  5A , compare lane 8 with lane 12), suggesting NEDD4L can ubiquitinate heterodimeric PI3K. In summary, these results suggest that NEDD4L mainly targets PIK3CA but not PIK3R1 for ubiquitination. Dimerization of PIK3CA with PIK3R1 does not show obvious impact on the efficiency of NEDD4L-mediated ubiquitination. To confirm the hypothesis that polyubiquitination of PIK3CA by NEDD4L leads to protein degradation, we performed a cycloheximide (CHX) chase assay ( Fig. 5B ). HeLa cells stably overexpressing GFP or NEDD4L were treated with cycloheximide and collected at interval time points. The endogenous PIK3CA protein levels in the normalized cell lysates were visualized by Western blot. We observed that NEDD4L overexpression caused a higher turnover rate of PIK3CA in contrast to the GFP control ( Fig. 5B ). Consistent with this observation, the decrement of PIK3CA protein levels were positively correlated with the amount of transfected NEDD4L plasmid in HEK293T cells (Fig. 5C ).
PI3K recruitment to the cell membrane in response to activation of receptor-tyrosine kinases leads to the phosphorylation of downstream kinase AKT (1, 2) . Because NEDD4L targets PIK3CA for proteasomal degradation, we tested whether overexpression NEDD4L down-regulates the PI3K-AKT pathway. We examined the phosphorylation levels of AKT in HeLa cells overexpressing GFP or NEDD4L. As expected, NEDD4L overexpression resulted in decreased level of AKT phosphorylation ( Fig. 5D , compare lane 6 with lane 1). Because the phosphorylation signal of AKT in HeLa cells was relatively low, we treated the cells with Torin1, an inhibitor of mammalian target of rapamycin (mTOR) that at low concentrations up-regulates PI3K-AKT signaling by relieving the feedback inhibition of this pathway from mTOR complex 1 (19, 20) . In accordance with the above results, treatment of Torin1 caused a dramatic increase in AKT phosphorylation in HeLa cells overexpressing GFP (Fig. 5D, lane 2-5 ), whereas the increase of AKT phosphorylation in NEDD4L-overexpressing cells was very limited (Fig.  5D , lanes 6 -10).
NEDD4L Knockdown Caused an Increase in PIK3CA Protein Level but Impaired PI3K-AKT Signaling Pathway-As overexpression of NEDD4L down-regulates PI3K-AKT signaling, we expected suppression of NEDD4L expression might have opposite effects. To test this, we stably expressed short hairpin RNA (shRNA), which targets NEDD4L mRNA in a doxycycline (Dox)-inducible manner in both H157 and Beas2B cells. The two cell lines were treated with Dox for 5 days and deprived of fetal bovine serum (FBS) for 24 h followed by treatment with FBS for different duration times (Fig. 6, A and B) . In both cells, NEDD4L knockdown resulted in an overall increased levels of PIK3CA whose differences were especially large at time points 0 -10 min. We noticed there was a down-regulation of PIK3CA protein level in the absence of FBS, which was less apparent in NEDD4L-knockdown cells, suggesting a dysregulation of the PIK3CA dynamics. Unexpectedly, although PIK3CA protein levels were elevated in NEDD4L-knockdown cells, phosphorylation of AKT at both Thr-308 and Ser-473 in response to FBS stimulation was impaired ( Fig. 6, A and B) . In Dox absent controls, phosphorylation of AKT reached a peak within 5 min after FBS treatment, whereas in NEDD4L-knockdown cells, the overall AKT phosphorylation level was much lower, and the time point for peak phosphorylation was delayed for 30 min and 120 min in H157 and Beas2B cells, respectively. These results suggest NEDD4L is involved in the regulation of PIK3CA dynamics, which is required for efficient signaling transduction.
To further confirm the functional role of NEDD4L in PI3K-AKT signaling pathway, we engineered A549 cells to stably express two different sets of shRNAs against NEDD4L. Because the phosphorylation signal of AKT in A549 cells was relatively low in our preliminary examination (as previously reported; Ref. 21) , we treated the cells with Torin1 to up-regulate PI3K-AKT signaling and then compared the phosphorylation levels of AKT between control and NEDD4L-knockdown cells. Similar to the previously described effects of NEDD4L knockdown (Fig. 6, A and B) , NEDD4L suppression in A549 cells resulted in a very limited increase in the AKT phosphorylation level in the presence of Torin1 (Fig. 6C) . To exclude the possibility that these observations were off-target effects of shRNA, we rescued the knockdown cells with a codon-modified NEDD4L (Fig. 6D ). Stable expression of an exogenous NEDD4L, which is resistant to the shRNA, greatly increased the phosphorylation level of AKT, underscoring the importance of NEDD4L in maintenance of the robustness of PI3K-AKT signaling.
NEDD4L Promotes Ubiquitination of Endogenous PIK3CA in Vivo-To examine the ubiquitination states of PIK3CA in vivo and to verify the importance of NEDD4L in PIK3CA ubiquitination, we treated Beas2B-inducible knockdown cells as illustrated in Fig. 7A . The endogenous PIK3CA protein was then immunoprecipitated from cell lysates and detected with ubiquitin antibody. We observed that in NEDD4L-expressing cells, PIK3CA was polyubiquitinated under both serum-absent and insulin-like growth factor (IGF)-present conditions (Fig. 7B,  lane 1 and 2) . In NEDD4L-deficient cells, PIK3CA ubiquitina- AUGUST 12, 2016 • VOLUME 291 • NUMBER 33
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tion showed a dramatic decrease in the absence of serum compared with control cells, suggesting a major role of NEDD4L in catalyzing PIK3CA ubiquitination under serum deprivation (Fig. 7B, lane 3) . This result is consistent with the previous observation that in the absence of serum PIK3CA protein was down-regulated in control but not NEDD4L-deficient cells (Fig. 6, A and B) . In contrast, NEDD4L knockdown did not affect the ubiquitination level of PIK3CA under IGF stimulation (Fig. 7B, lane 4) , suggesting that in addition to NEDD4L, there is another E3 ligase in cells that polyubiquitinates PIK3CA when PI3K-AKT pathway is activated.
NEDD4L Knockdown Decreases Cell Size, Lactate Production, and Colony Formation Ability-To examine whether the effects of NEDD4L loss on PI3K-AKT pathway are physiologically relevant, we measured the cell growth, a major output of PI3K-AKT pathway, in control and NEDD4L-knockdown Beas2B cells. Equal numbers of cells were seeded in the dish and grew for 5 days in the presence or absence of Dox. We observed that cells with reduced NEDD4L expression had an obvious decrease in cell confluency, and this phenomenon was not caused by the addition of Dox as the confluency of wild type Beas2B cells was not affected (Fig. 8A) . We further found that the decrease in cell confluency was due to a dramatic decrease in cell size of NEDD4L-deficient Beas2B cells but not a decrease in cell number (Fig. 8, B and C) . Because PI3K promotes glycolysis and thus promotes lactate production (22) , we compared the lactate concentration in the medium of control and NEDD4L-knockdown Beas2B cells under equal culture conditions. As expected, NEDD4L-knockdown resulted in relatively low lactate production ( Fig. 8D ), suggesting a decrease in PI3K-AKT signaling.
To further verify the negative effect of NEDD4L knockdown on PI3K-AKT pathway, we did a soft agar colony formation assay. Equal numbers of H157-inducible knockdown cells were seeded in soft agar and cultured in the presence or absence of Dox. We found the colony number was dramatically decreased when NEDD4L was suppressed (Fig. 8, E and F) , suggesting an important role of NEDD4L in maintaining PI3K-AKT signaling.
Discussion
NEDD4L is a HECT family E3 ubiquitin ligase containing four WW domains for substrate interaction (23) . We did not, however, observe an interaction between NEDD4L and PIK3CA by co-immunoprecipitation analysis. Nonetheless, our results support the notion that NEDD4L ubiquitinates PIK3CA and targets it for proteasome degradation in vivo. First, cotransfection of NEDD4L increased the amount of the polyubiquitinated PIK3CA in the presence of proteasome inhibitor (Fig.  5A) . Second, overexpression of NEDD4L accelerated the turnover rate of PIK3CA, whereas knockdown of it led to the increased level of endogenous PIK3CA (Figs. 5B and 6 ). Third, NEDD4L knockdown greatly impaired the ubiquitination of endogenous PIK3CA under serum deprivation conditions (Fig.  7B) . Moreover, NEDD4L contains a C2 domain that is involved in plasma membrane association (24, 25) . A recent structural study suggests NEDD4L likely exhibits maximal activity when localized to membrane (26) . By interaction with membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2), NEDD4L undergoes a conformational change, thus relieved from a self-inhibiting state (26) . These results provide a ration-FIGURE 5. NEDD4L targeted PIK3CA for polyubiquitination and proteasome-dependent degradation in vivo. A, NEDD4L ubiquitinates PIK3CA and PIK3CA-PIK3R1 heterodimer but not individual PIK3R1. HEK293T cells were co-transfected with the indicated plasmids. Twenty-four hours later cells were treated with DMSO or MG132 for 6 h and then lysed. The FLAG-tagged proteins were immunoprecipitated (IP), and ubiquitination (IB) was detected by anti-ubiquitin (Ub) antibody. B, NEDD4L accelerates the turnover rate of PIK3CA in HeLa cells. HeLa cells stably expressing GFP or Myc-tagged NEDD4L were chased with 25 g/ml cycloheximide and collected at the indicated times. Cleared cell lysates were normalized and immunoblotted by anti-PIK3CA and anti-NEDD4L antibody as indicated. C, NEDD4L promotes the degradation of PIK3CA. Different amounts of Myc-tagged NEDD4L were co-transfected with FLAG-tagged PIK3CA and HA-tagged ubiquitin in HEK293T cells. Cleared cell lysates were normalized and immunoblotted. The protein levels of PIK3CA and NEDD4L were detected by anti-FLAG and anti-Myc antibody, respectively. D, overexpression of NEDD4L down-regulates the PI3K-AKT pathway. HeLa cells stably overexpressing GFP or NEDD4L were not treated (lane 1 and 6) or were treated with Torin1 for the indicated times and concentrations. Normalized lysates were applied to Western blots against the antibodies as indicated.
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ale for NEDD4L to catalyze the ubiquitination of membrane or membrane-associated proteins such as PIK3CA.
Dysregulation of NEDD4L occurs in the progression of various cancers. Decreased levels of NEDD4L has been seen in gastric cancer (27) , malignant glioma (28), non-small cell lung cancer (29) , colorectal cancer (30) , and prostate cancer (31) . However, there are also reports showing an increased expression of NEDD4L in prostate cancer (32) . Expression of NEDD4L was also seen in a portion of melanoma samples but not detected in non-tumorous melanocytes or benign nevi tissues (33) . These results indicate a potentially complex role of NEDD4L in the development of cancer. NEDD4L knockdown impaired AKT phosphorylation (Fig. 6 ), decreased cell size and colony formation ability (Fig. 8) , and significantly reduced the growth of melanoma cells (33), suggesting a positive role of NEDD4L in maintaining the strength of PI3K-AKT signaling. However, partial down-regulation of NEDD4L seen in many cancers may lead to an increase in PIK3CA protein level that probably promotes cell growth, suggesting a tumor suppressing role of NEDD4L through promoting PIK3CA degradation. The oncogenic state induced by NEDD4L down-regulation may reach a compromise between increasing the PIK3CA stability and maintaining a proper turnover rate of PIK3CA. Thus, small molecule inhibitors against NEDD4L, which presumably will disturb the normal turnover of PIK3CA, may open up a new avenue for anti-cancer drug development.
Experimental Procedures
Reagents-The following antibodies were used: anti-PIK3CA (#4249), anti-NEDD4L (#4249), anti-AKT (#9272), antiphospho-Thr-308-AKT (#2965), anti-phospho-Ser-473-AKT (#9271), and anti-ubiquitin (#3933) are from Cell Signaling Technology; anti-␤ actin (sc-47778), anti-HA (sc-7392), anti-c-Myc HRP conjugated (sc-40), and anti-ubiquitin HRP conjugated (sc-8017) are from Santa Cruz Biotechnology; anti-FLAG M2 HRP-conjugated (A8592) is from Sigma. Immunoprecipitation of the FLAG-tagged proteins was performed using anti-FLAG M2 affinity gel (Sigma). Puromycin (P7255), hygromycin B (H7772), doxycycline (D9891), phosphatase inhibitor mixture 3 (P0044) was from Sigma. MG132 (Ser-2619) was from Selleck. Cycloheximide (#2112) was from Cell Signaling Technology. Protease inhibitor mixture tablets (#04693116001) were from Roche Applied Science.
Transfection and Immunoprecipitation-For transient expression of proteins in HEK293T cells, the cDNAs for human PIK3CA were cloned into pCI vector (Promega), and human ubiquitin, PIK3R1, and NEDD4L were cloned into pcDNA3.1 vector (Invitrogen) with the indicated tags at the N terminus. H157 cells containing pLKO.1-Tet-on-NEDD4L-shRNA1 were treated with or without Dox for 5 days and then plated in serum-free DMEM and cultured for 24 h followed by the addition of 10% FBS and collection of the cells at the indicated time points. Cleared cell lysates were normalized and applied to Western blot for the level of indicated proteins and phosphorylation states. B, inducible knockdown of NEDD4L in Beas2B cells impairs AKT phosphorylation. Beas2B cells stably transfected with pLKO.1-Tet-on-NEDD4L-shRNA1 were treated, and samples were processed as in A. C, stable knockdown of NEDD4L in A549 cells led to a decrease in AKT phosphorylation. A549 cells stably expressing NEDD4L-shRNA1, NEDD4L-shRNA2, or scramble shRNA were treated with Torin1 for the indicated times. Normalized cell lysates were applied to Western blot against the antibodies as indicated. ND4L, NEDD4L. D, decrease of AKT phosphorylation caused by NEDD4L knockdown is rescued by expression of shRNA-resistant NEDD4L. A549 cells stably expressing NEDD4L-shRNA1 were transfected with pcDNA3.1 vector or pcDNA3.1-2ϫMyc-NEDD4L with synonymous mutations in shRNA1 targeting region. Cells were treated, and samples were processed as in C. IB, immunoblot.
HEK293T cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% FBS and antibiotics (100 units/ml penicillin, 100 g/ml streptomycin) at 37°C in a 5% CO 2 incubator. The day before transfection HEK293T cells were seeded in 6-cm dishes at a density of 1.2 ϫ 10 6 per dish, cultured for 24 h, and then transfected using Lipofectamine 2000 reagent with the plasmids as indicated. Twenty-four hours after transfection cells were treated with 20 M MG132 (dissolved in DMSO) or DMSO for 6 h, washed once with PBS (phosphate-buffered saline), and collected by centrifugation. Cells were lysed on ice for 30 min in 200 l of buffer A (20 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.02% CHAPS, pH 7.5) supplemented with 0.3% CHAPS, 150 mM NaCl, protease inhibitor mixture, and phosphatase inhibitor mixture 3 and centrifuged at 20,000 ϫ g for 10 min at 4°C. To check protein expression, 30 l of the cleared cell lysates were boiled with loading buffer and applied to Western blots. The remaining lysates were transferred to a new tube and diluted to 800 l for immunoprecipitations. The anti-FLAG M2 beads (25 l of the slurry beads per sample) were washed with lysis buffer 3 times, added to the cell lysates, and then incubated with rotation for 2 h at 4°C. After washing with lysis buffer 3 times, 100 l of a 1ϫ protein loading buffer was added to the beads and boiled for 5 min at 95°C. The supernatant of the boiled samples were resolved by SDS-PAGE and analyzed by Western blot.
Expression and Purification of Recombinant Proteins-The cDNAs encoding human E1, six E2 (Ubch2, -3, -4, -5c, -6, and -7) and ubiquitin were inserted into pET-28a (Novagen) vector with an N-terminal His tag. The first 18 amino acids of Ubch6, which contains a polyserine sequence, were deleted to enhance the protein expression. The proteins were overexpressed in Escherichia coli strain Rosetta at 18°C for 18 h by induction with 0.5 mM ␤-D-thiogalactopyranoside (IPTG). The harvested cells were resuspended in buffer B (300 mM NaCl, 20 mM Tris-HCl, pH 7.5) supplemented with protease inhibitor mixture and lysed by sonication. After centrifugation at 75,000 ϫ g for 2 h, the supernatant was loaded on a Ni 2ϩ affinity column, washed, and eluted by 20 and 80% buffer C (300 mM NaCl, 500 mM imidazole, 20 mM Tris-HCl, pH 7.5), respectively. The human E1 was further purified by a Q column; E1 protein eluted from Ni 2ϩ column was desalted into buffer A, loaded on a 1-ml HiTrap Q HP column, and eluted by a linear gradient of 25 times of column volumes (CV) from 0 to 600 mM NaCl in buffer A.
Recombinant human PIK3CA and NEDD4L proteins were overexpressed using the Bac-to-Bac baculovirus expression system. Full-length of the respective cDNAs were inserted into a modified pFastBac-HTB vector (Invitrogen) containing an N-terminal tandem His tag and 3ϫFLAG tag (for PIK3CA) or a tandem His tag and 3ϫHA tag (for NEDD4L). Recombinant progeny 1 (P1) baculovirus was produced by transfecting one well of Sf9 cells (grown in a 6-well plate, 60% confluence) with the recombinant bacmid DNA derived from 1.5 ml of DH10Bac E. coli cell culture and harvested after 4 days. The P2 virus was generated by infecting 10 ml of the suspended SF9 cells (2 ϫ 10 6 /ml) with 0.5 ml P1 virus. The supernatant from P2 culture was harvested 3 days post-infection, and 1 ml was used to infect 30 ml of suspended SF9 cells (2 ϫ 10 6 /ml) followed by a 2-day culture to generate P3 virus. For protein expression, 1 liter of High5 cells (2 ϫ 10 6 /ml) was infected with 10 ml of P3 virus, cultured in suspension for 2 days, and then collected by centrifugation. The recombinant proteins was purified by a Ni 2ϩ column and a Q column as described above except that NEDD4L protein was further purified using a Superdex 200 10/300 GL column equilibrated with 200 mM NaCl in buffer A. All the purified recombinant proteins were desalted into buffer A containing 5% glycerol, aliquoted, and stored at Ϫ80°C.
Preparation of MEF S-100 -The eternalized MEF cells were cultured as a monolayer in DMEM supplemented with 10% FBS and antibiotics at 37°C in a 5% CO 2 incubator. Cells at ϳ80% confluence were scraped from the dishes, washed once with PBS, and harvested by centrifugation at 1000 ϫ g for 5 min. The cell pellets were resuspended in buffer A (0.7 ml/10-cm dish) containing 0.3% CHAPS and protease inhibitor mixture and lysed on ice for 30 min. The cell lysates were centrifuged at 20,000 ϫ g for 10 min at 4°C using an Eppendorf 5417R centrifuge, and the supernatant was further centrifuged at 100,000 ϫ g for 1 h at 4°C using a Beckman Optima MAX-XP centrifuge. The supernatant from the second centrifugation (S-100) was stored at Ϫ80°C and used as the starting material for the purification of PIK3CA E3 ligase.
In Vitro Ubiquitination Assay-The assay was performed at 37°C for 2 h in a 15-l reaction volume containing final concentrations of 0.4 M E1, 5 M E2, 70 M ubiquitin, 5 mM ATP, pH 7.5, 2 nM FLAG-tagged PIK3CA, and an appropriate amount of MEF S-100 or chromatographic fraction. Buffer A supplemented with 10 mM MgCl 2 and 50 mM KCl was used as the reaction buffer. The assay was stopped by boiling with protein loading buffer followed by immunoblotting with anti-FLAG antibody.
Purification of PIK3CA E3 Ligase from MEF S-100 -The purification was performed at 4°C, and all chromatography steps were carried out using an AKTA Purifier 10 FPLC system (GE Healthcare). MEF S-100 (total 500 ml) was loaded on four tandem connected 5-ml HiTrap Q columns (250 ml S-100 for one run) equilibrated with buffer A. The columns were equilibrated with 5 CVs of buffer A after loading and then eluted with a linear gradient of 15 CVs from 0 to 600 mM NaCl in Buffer A. Fractions of 0.5 ml were dialyzed against buffer A, and 10 l were used for activity assay using the in vitro ubiquitination system. The active fractions were pooled, and ammonium sulfate was added to reach 15% saturation followed by centrifugation at 8000 ϫ g for 10 min. The supernatant was transferred to a new tube, and the activity was precipitated by the addition of ammonium sulfate to 35% saturation. After rotation at 4°C for 30 min and centrifugation at 8000 ϫ g for 10 min, the protein pellet was resolubilized in buffer A and loaded on three tandem-connected 1-ml HiTrap SP columns that were washed with 5 CVs of buffer A after loading and eluted with a linear gradient of 10 CVs from 0 to 600 mM NaCl in buffer A. Fractions of 0.5 ml were dialyzed, and 10 l of each were assayed for activity. The active fractions were pooled, dialyzed against buffer A, and loaded on two tandem-connected 1-ml HiTrap Heparin columns, washed, and eluted by the same procedures as S column. All fractions were dialyzed, and 3 l of each were assayed for activity. The active fractions were pooled, concentrated to 0.5 ml, subjected to a Superdex 200 10/300 GL column, and eluted with 200 mM NaCl in buffer A. The eluted fractions were dialyzed, and 3 l were assayed for activity. The active fractions were pooled and loaded on a 1-ml hydroxyapatite column (Bio-Rad), washed with 5 CV of buffer A, and eluted with a linear gradient of 10 CVs from 0 to 500 mM phosphate in buffer A. All fractions were dialyzed, and 3 l of each fraction were assayed for activity. The active fractions were pooled, loaded on a Mono Q 5/50 GL column, and eluted with a linear gradient of 15 CVs from 0 to 600 mM NaCl in buffer A. The fractions were dialyzed against buffer A, and eventually 1.5 l of each dialyzed fraction were assayed for the PIK3CA E3 ubiquitin ligase activity.
Overexpression of NEDD4L or GFP in HeLa Cells-For lentiviral-based stable overexpression, NEDD4L or GFP cDNA was cloned into a modified pLVX (Clontech) vector. Lentivirus was produced by co-transfection of packaging plasmid pCMV-dR8.2 (900 ng), envelope plasmid pCMV-VSV-G (100 ng), and pLVX-NEDD4L (1 g) into HEK293T cells in a 6-cm dish at ϳ50% confluence. Eighteen hours after transfection the medium was changed to high serum medium (DMEM containing 30% FBS and antibiotics) and culturing was continued for another 24 h followed by harvesting the virus by passing the medium through a 0.22-m filter. HeLa cells cultured in 6-cm dishes were infected by adding 1 ml of lentiviral medium and incubated for 24 h. Then the medium was changed to fresh growth medium with 2 g/ml puromycin and cultured for 5 days to select stably transduced cells. The puromycin-resistant HeLa cells were trypsinized, seeded in a 96-well plate with ϳ1 cell per well, and cultured for 10 days in growth medium with 2 g/ml puromycin. Individual clones were picked out to test the expression of exogenous NEDD4L by Western blot. To examine the turnover rate of PIK3CA, HeLa cells were treated with 25 g/ml cycloheximide and collected at the indicated time points. Cells were lysed for 15 min in buffer A containing 0.3% CHAPS, 150 mM NaCl, protease inhibitor mixture, and phosphatase inhibitor mixture 3. After centrifugation at 20,000 ϫ g for 10 min at 4°C, the protein concentrations of cleared cell lysates were measured by BCA (bicinchoninic acid) assay (Pierce). The normalized lysates were applied to Western blot analysis.
NEDD4L Knockdown and Rescue-The shRNA sequences for NEDD4L knockdown were obtained from the collection of The RNAi Consortium (TRC). NEDD4L shRNA1 (TRCN0000000905) was used for inducible knockdown in H157 and Beas2B cells. Both shRNA1 and shRNA2 (TRCN0000000906) were used for stable knockdown in A549 cell. The scramble shRNA sequence used was 5Ј-CCGGGTGG-ACTCTTGAAAGTACTATCTCGAGATAGTACTTTCAA-GAGTCCACTTTTT-3Ј.
For inducible knockdown of NEDD4L, shRNA1 was inserted into a pLKO.1-tet-on vector. Lentiviral based transfection and puromycin selection were described as above. Individual clones picked from 96-well plate were tested for the efficiency of Dox induced NEDD4L knockdown. To examine the AKT phosphorylation in response to FBS stimulation, a positive clone was induced with 0.2 g/ml Dox for 5 days. Then cells were trypsinized, washed with PBS for once, and plated in a 6-cm dish (2 ϫ 10 5 cells/dish) in serum-free DMEM. Twenty-four hours later 10% FBS was added to the medium. At the indicated time points, the medium was aspirated, and the cells were washed with 1 ml of PBS for 10 s followed by the addition of 100 l of lysis buffer. Cells were rapidly scraped off the dishes, lysed, and centrifuged. The normalized supernatant was applied to Western blot analysis.
The methods for stable knockdown of NEDD4L in A549 cells were generally the same as described above, except the NEDD4L shRNA1, shRNA2, and scramble shRNAs were inserted into pLKO.1 vector. To compare the AKT phosphorylation level under the treatment of Torin1, positive and control cells were plated in 6-well plate (5 ϫ 10 4 cells/well), cultured overnight, and treated with 25 nM Torin1 for the indicated times.
For rescue assay, pcDNA3.1 vector or pcDNA3.1-2ϫMyc-NEDD4L with synonymous mutations in the shRNA1 targeting region were transfected into A549 cells stably expressing NEDD4L shRNA1. Twenty-four hours after transfection cells were selected with 250 g/ml hygromycin for 4 -5 days and seeded in 96-well plate. Individual clones were picked out to test the expression of NEDD4L. The positive clone was used for testing AKT phosphorylation in the presence of Torin1.
Cell Growth, Lactate Production, and Soft Agar Colony Formation Assay-WT or NEDD4L-inducible knockdown Beas2B cells were seeded in 6-cm dishes at a density of 1 ϫ 10 5 cells/ dish and cultured with or without 0.5 g/ml Dox. Cell pictures were taken after 5 days of culture. Cell number was counted at the indicated times. Cell size was measured using a Cellometer Auto T4 machine after 5 days of culture. To measure the lactate production, 2 ϫ 10 6 Beas2B cells that had been induced with or without Dox were seeded in 6-cm dishes and cultured for 2 days. The medium was collected, and lactate concentration was measured using a lactate assay kit (Abcam, #ab65331) according to the manufacturer's protocol.
To perform colony formation assay, H157-inducible knockdown cells were cultured with or without Dox for 5 days, and then 7.5 ϫ 10 3 cells were seeded in the upper layer of soft agar medium (0.7% agarose in DMEM plus 10% FBS) with or without 1 g/ml Dox in a 6-cm dish. The plates were incubated for 5 weeks. The colonies were stained using crystal violet solution, and digital pictures were taken. The colony numbers were counted using Clono-Counter software (34) .
